We imaged axons in layer (L) 1 of the mouse barrel cortex in vivo. Axons from thalamus and L2/3/5, or L6 pyramidal cells were identified based on their distinct morphologies. Their branching patterns and sizes were stable over times of months. However, axonal branches and boutons displayed cell type-specific rearrangements. Structural plasticity in thalamocortical afferents was mostly due to elongation and retraction of branches (range, 1-150 mm over 4 days; w5% of total axonal length), while the majority of boutons persisted for up to 9 months (persistence over 1 month w85%). In contrast, L6 axon terminaux boutons were highly plastic (persistence over 1 month w40 %), and other intracortical axon boutons showed intermediate levels of plasticity. Retrospective electron microscopy revealed that new boutons make synapses. Our data suggest that structural plasticity of axonal branches and boutons contributes to the remodeling of specific functional circuits.
Introduction
In the adult brain, structural plasticity with synapse formation and elimination is thought to underlie aspects of long-term memory formation (Bailey and Kandel, 1993) . In sparse neural networks, such as the neocortex, the extent of structural plasticity is a fundamental constraint on the memory capacity of the brain . Plasticity over longer distances means that a larger number of neural circuits can be achieved and implies a larger memory capacity per synapse. Moreover, structural plasticity may be critical for functional recovery upon injury in the adult central nervous system (Fawcett and Geller, 1998; Chen et al., 2002; Papadopoulos, 2002) .
However, relatively little is known about structural plasticity in the adult brain. Numerous studies based on the Golgi method have analyzed the dendritic structure of excitatory neurons (Kolb and Whishaw, 1998) . These studies indicate that large-scale changes in dendrites can occur with environmental enrichment (Volkmar and Greenough, 1972) and in response to pharmacological manipulations (Robinson and Kolb, 1997) . Long-term imaging studies have found highly dynamic dendritic arbors in the superior cervical ganglion (Purves and Hadley, 1985) , while the arbors of neocortical neurons (Trachtenberg et al., 2002; Lee et al., 2005) and mitral cells in the olfactory bulb (Mizrahi and Katz, 2003) were largely stable under a variety of conditions.
Even less is known about the dynamics of cortical axons in the adult brain. Axons span many millimeters of cortical territory, and individual axons can target diverse areas (Zhang and Deschenes, 1998) . Long-range growth of axons could therefore have a big impact on circuit plasticity. In the developing brain, cortical axons undergo profound structural dynamics (Antonini and Stryker, 1993; Portera-Cailliau et al., 2005; Ruthazer et al., 2003) . In contrast, in the adult neocortex, evidence for axonal growth comes from experiments involving lesions of the sensory periphery (Florence et al., 1998; Darian-Smith and Gilbert, 1994) . It is unknown whether axonal growth occurs normally in the adult central nervous system and over which time or length scales.
In addition to the large-scale reorganization of axons and dendrites, micrometer level changes in synaptic structure could be involved in the rewiring of neural circuits (Stepanyants et al., 2002) . In the neocortex, synapses of excitatory neurons are associated either with en passant boutons (EPBs) or terminaux boutons (TBs) resembling dendritic spines (Anderson and Martin, 2001; Anderson et al., 2002; Shepherd and Harris, 1998; McGuire et al., 1984) . TBs have been proposed to subserve the formation of shaft synapses (McGuire et al., 1984) , efficient connectivity and plasticity (Stepanyants et al., 2002) , as well as synapse-specific intracellular signaling (Anderson and Martin, 2001) . EPBs and TBs can be intermingled along the same axon, but different types of axons are characterized by distinct densities of these different types of boutons (Anderson and Martin, 2001; McGuire et al., 1984) . Recent studies in vitro and in vivo have revealed rich dynamics of postsynaptic dendritic spines, including spine growth, retraction, and shape changes (Fischer et al., 1998; Trachtenberg et al., 2002; Grutzendler et al., 2002; Zuo et al., 2005; Holtmaat et al., 2005) . Although neuromuscular junctions (Lichtman et al., 1987) and parasympathetic submandibular ganglion boutons are remarkably stable in the adult (Gan et al., 2003) , boutons in cultured cortical preparations can display activity-dependent (De Paola et al., 2003; Colicos et al., 2001; Nikonenko et al., 2003) and bouton type-specific (De Paola et al., 2003) structural plasticity. Changes in bouton sizes could reflect changes in synaptic weight (Murthy et al., 2001; Schikorski and Stevens, 1997) . Furthermore, bouton addition and subtraction likely signal synapse formation and elimination, respectively. Understanding the repertoire of axonal structural changes is therefore fundamental *Correspondence: svoboda@cshl.edu Using high-resolution two-photon (2P) microscopy, we imaged distinct identified axonal arbors in the intact adult barrel cortex of GFP transgenic mice for time periods of up to 9 months. Although the overall size and branching pattern of axonal arbors were stable, different types of axons exhibited discrete forms of structural dynamics, suggesting that structural plasticity of branches and boutons is controlled in a cell type-dependent manner.
Results

Long-Term Imaging of Diverse Axons in the Adult Cortex
We used two-photon microscopy (Denk and Svoboda, 1997) to image axonal branches and boutons in layers (L) 1 and 2 through a cranial window in adult (>2.5 months) thy-1-6FP transgenic mice (Experimental Procedures). Transgenic mice expressing membrane-bound GFP (line 15; De Paola et al., 2003) and cytoplasmic GFP (line GFP-M; Feng et al., 2000) had sparsely labeled neurons in the thalamus and L2/3, 5, and 6 in the neocortex (Figure 1 and see Figure S1 in the Supplemental Data available online).
Imaged axons were thinner and produced less fluorescence than dendrites and were thus easily identified. Axons in L1 had distinctive morphological features. First, EPBs appeared as bright spots along the axon backbone ( Figures 1B and 1F ); they were brighter than the axon backbone because they contain more GFP per unit length of axon. Reconstructions using serial section electron microscopy (SSEM) show that EPBs make one or more synapses in a variety of cortical excitatory axons (Braitenberg and Schutz, 1991; Shepherd and Harris, 1998; White et al., 2004) . Second, TBs resembled dendritic spines (average length, 2.4 mm; range, 1-5 mm), often with a bulbous head (varicosity) at their tip (Anderson and Martin, 2001 ) ( Figure 1D ). The heads of TBs also make synapses (McGuire et al., 1984; Anderson and Martin, 2001; Staiger et al., 1996) . Third, short branches, defined as branches that are longer than TBs and usually shorter than 45 mm (i.e., the field of view of our high-magnification in vivo images) (average length, 11 mm; range, 5-150 mm), typically contained multiple EPBs (185 6 145 mm 21 , 143 branches) and/or TBs (23 6 46 mm 21 ). The origin and structure of the majority of axons in L1 of the neocortex are not known (Douglas and Martin, 2004) . Reconstructions of recorded neurons in the rodent somatosensory cortex show that axons from pyramidal cells in cortical L2, 3, 5, and 6 send some local collaterals to L1 (e.g., Lubke et al., 1996; Petersen et al., 2003; Shepherd et al., 2005) . Additional axons in L1 arise from L5 pyramidal neurons in motor cortex and other higher cortical areas (Veinante and Deschenes, 2003) , thalamic axons mainly from nonspecific nuclei (Lu and Lin, 1993; Diamond, 1995; Zhang and Deschenes, 1998; Herkenham, 1980; Van der Werf et al., 2002 ) (e.g., posterior complex, POm; midline-intralaminar nuclei), as well as axons from several brain stem nuclei (Hur and Zaborszky, 2005) .
In transgenic lines GFP-M and 15, a small fraction of neurons were labeled in thalamus and all cortical areas ( Figure S1 ), facilitating the imaging of diverse axon types. Consistently, imaged axons in L1 belonged to at least three distinct morphological classes.
(1) Axons of type 1 (A1) had thick (i.e., relatively bright) axonal shafts and frequent short branches with prominent bulbous varicosities at their tips (length, 5-150 mm; density, 10 6 4 mm 21 ; n = 22 axons, w12 mm) ( Figures 1A and 1B) . The axonal shafts were studded with heterogeneous EPBs (density, 150 6 40 mm 21 ), some of which were very large (diameter, 1-3 mm). TBs were present in smaller numbers (density, 8 6 6 mm 21 ) and had large swellings at their tips ( Figure 5A ). A1 axons resembled thalamocortical afferents from POm (Lu and Lin, 1993 ), which we have previously imaged during development (Portera-Cailliau et al., 2005) .
(2) Axons of type 2 (A2) had thin shafts and a high density of thin, spine-like TBs (density, 107 6 39 mm
21
, n = 19 axons, total length w6 mm) and small (diameter, <1 mm) EPBs (density, 143 6 30 mm 21 ) ( Figures 1C and 1D ). Short branches were also present (density, 8 6 4 mm
). A2 axons resembled axon collaterals originating in L6 (Bourassa et al., 1995; Martin and Whitteridge, 1984; McGuire et al., 1984; Zhang and Deschenes, 1997) . (3) Axons of type 3 (A3) had thin shafts and a high density of small (typical diameter, <1 mm) EPBs (density, 160 6 50 mm
) ( Figures 1E and 1F ). A3 short branches were rare (density, 2 6 1 mm 21 , n = 10 axons, w4 mm). They resembled Schaffer collateral (CA3-CA1) axons of hippocampus (Shepherd and Harris, 1998) and neocortical axons of L5 and L2/3 pyramidal cells (Lubke et al., 1996; Petersen et al., 2003; Braitenberg and Schutz, 1991) .
We quantified the structure of imaged axons, measuring the linear density of branch points and the average lengths of branches (n = 33 axons, w0.5 mm per axon) ( Figure 1G ). A scatter plot of branch point density versus normalized branch length showed that the axonal types we imaged in vivo indeed fell into at least three distinct branches; blue, retracting branches). Arrowheads indicate boutons (yellow, persistent; red, new; blue, lost) . Hollow markers: blue, sites of loss (boutons)/retraction (branches); red, sites of gain (boutons)/elongation (branches). (G) Quantitative analysis of axonal morphology. Imaged axons fall into three morphological classes: A1 (blue), A2 (red), and A3 (green) (see also Figure S2 ). Figure 1G ). These observations were verified in a larger number of axons analyzed in naive (not imaged) animals ( Figure S2 ). A statistical analysis confirmed that A1-3 axons have distinct morphologies (p < 0.001) (see Experimental Procedures).
Identity of Imaged Axons
Based on published data on axon morphology (see above), we expected distinct local features to correspond to axons of distinct origins. We confirmed the axonal identity by reconstructing imaged axons as closely as possible to their origin. Additional reconstructions were performed in fixed tissue from naive animals. Ten A1 axons (two imaged, eight naive) were reconstructed ( Figure 1H and Figure S2A ). These arbors branched in L1, 3, and 5 and descended into the white matter (WM). Two of these axons were further traced to the thalamus ( Figure S2 ). In contrast to the situation in the developing brain (Portera-Cailliau et al., 2005) , the density of labeled axons in the WM was too high to allow reliable tracing of the other A1 axons beyond the WM. However, the branching pattern and trajectory of A1 axons are characteristic of axons from the POm nucleus in thalamus (Lu and Lin, 1993; Zhang and Deschenes, 1998) . In addition, (1) POm cells were labeled in our GFP transgenic mice (w100 cells/animal). (2) Axon arbors of POm projection neurons, labeled by targeted infection with GFP-expressing adenovirus, were indistinguishable from A1 axons (n = 3 axons; Figure S2A and S2C-S2H). A1 axons therefore likely originate in the POm nucleus of thalamus and perhaps in other nonspecific thalamic nuclei.
Five A2 axons (two imaged, three naive) were traced to spiny neurons in L6 ( Figure 1I ). Consistent with previous observations, these data indicate that A2 axons, characterized by high densities of TBs (McGuire et al., 1984; Bourassa et al., 1995) , arise from L6 excitatory neurons.
Finally, three A3 axons were traced back to cell bodies in L2/3 ( Figure 1J ). However, L5 neurons also send local collaterals to L1, and these also resemble A3 axons (Lubke et al., 1996; Shepherd et al., 2005) . A3 axons therefore likely include collaterals from L2/3 and L5 neurons. We next investigated the structural dynamics of these different axonal populations at the level of individual branches and boutons.
The Large-Scale Structure of Axonal Arbors Is Stable
What is the spatial scale of structural plasticity in the adult brain? We began by analyzing the large-scale structure of axonal branching in L1. We analyzed the branching of 16 A1 (125 branches) and 6 A2 axons (44 branches). A3 branches had only few branchtips in L1 and were therefore not included in this analysis. The majority of axonal segments could be located repeatedly over at least six imaging sessions, the minimal duration for these experiments (24 days). The percentage of de novo branch formation and elimination over 1 month of imaging was low (branch elimination, 4%; branch addition, 4%). These events involved relatively short (average, w10 mm; range, 5-44 mm) branches. Retractions never left fluorescent debris behind (Figures 2A, 2C , 4A, and 4C), arguing against mechanisms involving axosome shedding or degeneration (Bishop et al., 2004; Portera-Cailliau et al., 2005) . Motile branches (see below) make up only a small fraction of total axonal length ( Figure S2B ), and the majority of axonal length is stable in the adult brain over 1 month of imaging (the fractional length change was 0.07 6 0.03 for 12 A1 axons and 0.05 6 0.02 for 5 A2 axons over 24 days). We conclude that the large-scale branching pattern of axonal arbors in the adult neocortex is stable.
A Subset of Axonal Branches Grow and Retract
To study structural plasticity in more detail, we tracked A1 and A2 branch tips over 1 month of time-lapse imaging (Figures 2 and 3) . A fraction of branches elongated and retracted from one imaging session to the next. These movements were usually small (several micrometers/4 days) but in some cases ranged over tens of micrometers (up to 30 mm/4 days). The branch length, averaged over branches, was constant, implying that elongations and retractions were balanced over time (Figures 2D and 3B) .
We quantified the fraction of branches that underwent detectable growth and retraction by comparing length changes to measurement noise. Measurement noise was estimated by computing the standard deviation of the distance (x) between two fiducial points (s x ) (Experimental Procedures and Figure S3 ). The measurement noise was independent of the elapsed time between measurements (s x = 0.53 6 0.27; range, 0.11-1.32 mm). The average movement of branches was above the noise level (p < 0.001, rank-sum test) ( Figure 4F ).
A branch was considered ''motile'' if one of the following two criteria applied. (1) The largest length change exceeded twice the largest change seen in the fiducial point measurements between any two time points (2 3 3 mm). (2) The average standard deviation of the length over a 4 day interval [s L (4d)] exceeded 3 3 s x (i.e., w1.6 mm). Using these conservative and complementary criteria, w25% of branches on A1 and 60% on A2 axons were scored as motile over a period of 24 days ( Figures 2E and 3C ). The branches did not move in a unidirectional manner but often changed direction from one imaging session to the next (i.e., individual branches both elongated and retracted over time; Figures 2F and 3D). As a result, their root-mean-square (rms) deviation in length,
, increased only slowly with time, indicating that the movement of branch tips resembled a random walk ( Figure 3E ). Branches that grew after a retraction event typically retraced their previous trajectories. Are motile branches distinct from stable branches, or are all branches motile if given enough time? To distinguish between these possibilities, we imaged a subset of branches (n = 12 branches, two axons from one mouse) over 9 months (Figures 2B and 2C) . Stable branches remained stable (7/7) ( Figure 2B ). Branches that were motile during the first months continued to be so thereafter (5/5) ( Figure 2C ). These results suggest the existence of distinct classes of axonal branches.
A1 branches always had a prominent bulbous varicosity at their tip (Figures 2A-2C and 2G) . In one case, we reconstructed an imaged branch using serial section electron microscopy (SSEM), revealing that the branch tip made synapses onto two dendritic spines ( Figures  2G-2J ).
The behavior of A2 and A1 branches was qualitatively similar. However, a larger fraction of A2 branches were motile (see above, p < 0.05, c 2 test), and the average movement was also significantly larger ( Figure 3E ) (p < 0.05, rank-sum test; comparison done at 24 d, 44 A2 and 125 A1 branches).
Structural Plasticity Is Largest at Distal Axonal Endings
We looked for relationships between motility of branches and their locations on the axonal arbor. The most distal axonal endings showed especially pronounced length changes (Figure 4) . The root-meansquare movement over 4 days, s L (4d), was approximately three times larger for distal endings (n = 15) than for all A1 and A2 branches (p < 0.01, rank-sum test). Furthermore, while most branches extended and retracted along a fixed trajectory, distal endings explored their neighborhood by growing along nonrepeating tortuous paths ( Figures 4A and 4C ). These measurements reveal that a fraction of branches elongate and retract over micrometers up to several tens of micrometers in the adult brain, distances much larger than a single synapse.
Boutons Display Cell Type-Specific Structural Plasticity
We next analyzed the dynamics of putative synaptic boutons, both EPBs and TBs. The densities of EPBs (A1 and A3 axons) and TBs (A1 and A2 axons) were constant at the single-axon level ( Figure S4 ), indicating the existence of cell-autonomous homeostatic mechanisms that regulate presynaptic structure.
A1 axons have numerous large boutons, as judged by their bright fluorescence compared to their parent axonal shafts. The size of EPBs was quantified by measuring their brightness (Experimental Procedures). We only scored large EPBs (n = 241) (brightness > 3 3 axon backbone) because smaller EPBs were difficult to distinguish from nonsynaptic swellings in the axon and may not form synapses (White et al., 2004; Shepherd and Harris, 1998) . TBs (n = 114) were analyzed in an identical manner to dendritic spines (Holtmaat et al., 2005) . To quantify turnover, we tracked the fates of individual boutons in time-lapse imaging sessions. We analyzed turnover by calculating the fraction of surviving boutons (survival fraction, SF) as a function of time (survival function). The SF decreased with time. A1 boutons appeared and disappeared (SF over 8 days; EPBs, 96% 6 4%; TBs, 93% 6 10%) ( Figures 5A-5C) ; dynamic boutons were interspersed with persistent ones. The vast majority of boutons persisted for a month of imaging or more (SF over 24 days; EPBs, 84% 6 11%; TBs, 87% 6 14%) ( Figure 5A , top and bottom, and Figures 5B and 5C ). Some A1 segments were imaged for 9 months ( Figures  2B and 2C ). Of 11 EPBs that persisted for 24 days, ten also survived for 9 months. These data suggest that a considerable fraction of A1 boutons persists for the entire life of the animal.
Published SSEM reconstructions of axonal segments suggest that our imaged EPBs (Braitenberg and Schutz, 1991; Shepherd and Harris, 1998; White et al., 2004) and TBs (McGuire et al., 1984; Anderson and Martin, 2001) establish synapses. This was confirmed in L1 of the barrel cortex by performing SSEM on previously imaged A1 boutons. Consistent with previous observations (Lu and Lin, 1993) , EPBs and TBs made one ( Figures 5D-5F and 8B-8E) or more synapses (Figure 5F , #3; see Movie S1).
A2 axons have numerous small TBs and EPBs. A2 TBs were highly dynamic, with a substantial fraction of TBs appearing and disappearing from one imaging session to the next (SF over 8 days, 80% 6 9%; SF over 24 days, 47% 6 17%) (Figure 6 ). The survival fraction continued to decrease to 28% 6 17% over 1.5 month ( Figure 6B ). It is possible, therefore, that the entire population of A2 TBs could turn over multiple times during the lifetime of the animal. SSEM confirmed that A2 TBs make synapses (Figures 8F-8I ). The SF of A2 TBs was significantly lower than for A1 TBs (cf. Figures 5B and 6B; at 8 days: p < 0.005, log-rank test). Since L6 synapses are mostly associated with TBs (McGuire et al., 1984) , we did not analyze the dynamics of A2 EPBs quantitatively. A3 EPBs (n = 100) were also tracked over 24 days (SF over 8 days, 88% 6 12%; SF over 24 days, 77% 6 15%) ( Figures 7A and 7B ). Persistent and dynamic EPBs were intermingled along A3 axons ( Figure 7A ). SSEM confirmed that A3 EPBs, like A1 EPBs, contact dendritic spines ( Figures 7C-7F ).
New TBs Make Synapses Do newly formed axonal boutons establish synapses? To answer this question we reconstructed three new TBs using SSEM. Our sample included two A1 TBs (Figures 8A-8E ) and one A2 TB (Figures 8F-8I ). All three TBs had synapses. While one of the two A1 TBs contacted a spine ( Figure 8D, # 1) , the other A1 TB contacted the dendritic shaft ( Figure 8D, # 2) . The A2 TB contacted a dendritic shaft ( Figure 8H ). The growth of new TBs is therefore likely to correspond to synapse formation.
Discussion
What structural changes in the adult brain could underlie plasticity of neural networks? Long-term imaging experiments suggest that the dendritic arbors of excitatory neurons are remarkably stable and that a subpopulation of dendritic spines appears and disappears associated with synapse formation and elimination, respectively. Here we show that axonal branching is stable over time periods of months. However, axons display rich, cell type-specific structural plasticity at the level of axonal branch endings and boutons ( Figure 9 ).
Diverse Axonal Arbors in Layer 1 of the Barrel Cortex
In the thalamus (Rockland, 1996) and neocortical L4 (McGuire et al., 1984) , different types of axon are intermingled and can share postsynaptic neurons (Sherman and Guillery, 2000) . L1 is also the target of axons from numerous sources. In addition to local axons, L1 receives input from other cortical areas and from nonspecific thalamic nuclei (Douglas and Martin, 2004) . Reflecting this diversity, L1 axons have several distinct morphologies ( Figure 1 ). Thalamocortical axons (A1) have frequent short branches and large terminaux boutons and en passant boutons ( Figures 1A, 1B , 2A-2C, and 5A) (Lu and Lin, 1993) . These boutons likely make 1996; Shepherd et al., 2005) . These axons have mostly EPBs of an intermediate size ( Figures 1E, 1F , and 7A). These diverse axons displayed cell type-specific micrometer level and larger (i.e., larger than the size of individual synapses) structural rearrangements over days. This suggests that diverse axonal morphologies might subserve distinct modes of structural plasticity.
Stability and Plasticity of Axonal Arbors in the Adult Neocortex
The spatial scale of structural change is an important constraint on models of experience-dependent plasticity in the adult brain. Longer-range structural plasticity implies more potential synaptic partners between neurons and a larger number of possible neural circuits Stepanyants et al., 2002) . The structural changes in the adult neocortex are dramatically smaller and slower compared to the axonal dynamics during development (Portera-Cailliau et al., 2005; Antonini and Stryker, 1993) . For A1 and A2 axons, more than w94% of axonal length persisted over 24 days of imaging; stability was even higher for A3 axons. Addition or subtraction of axonal branches was observed only rarely. The large-scale shapes and sizes of excitatory axonal arbors are therefore stable in the adult cortex under our experimental conditions. This structural stability may underlie the consistent perception of the sensory world by the adult brain.
Previous studies have provided evidence for largescale (millimeters) axonal growth in response to retinal lesions (Darian-Smith and Gilbert, 1994) and amputations (Florence et al., 1998) . These studies differ from ours because growth has been observed after prolonged (months, years) injury associated with largescale, subcortical changes (Jones, 2000) .
Although stability dominates in the adult brain, we still found prominent plasticity of excitatory axonal arbors. Using conservative criteria, 25% of A1 and 60% of A2 axon branches, as well as all most distal axonal endings, grew and retracted over distances of up to w150 mm.
This plasticity exceeds the largest changes seen in dendritic branches of pyramidal neurons (Trachtenberg et al., 2002; Mizrahi and Katz, 2003; Lee et al., 2005 ) (unpublished data).
Boutons Show Cell Type-Specific Structural Plasticity L1 axons show rich cell type-specific structural plasticity at the level of individual boutons. A subset of EPBs and TBs appeared and disappeared over times of days ( Figures 1D, 1F , 5A-5C, 6, 7A, and 7B). Stable and dynamic boutons were intermingled along all types of axon, often only a few microns apart (e.g., Figures 1F,  2A , 2C, 3A, 6A, and 7A). It is likely that these structural changes in the intact adult neocortex are shaped by activity, as they are in cultured hippocampal preparations (De Paola et al., 2003; Nikonenko et al., 2003; Colicos et al., 2001 ) and the hippocampus in vivo (Sutula et al., 1988) . For all axon types, the bouton density was constant over time at the level of individual axons ( Figure S4 ). These findings imply that neurons have intrinsic mechanisms that keep the strength of their output constant (Davis and Bezprozvanny, 2001) .
We found significant differences in the plasticity of boutons between different types of axon. The vast majority (w85%) of boutons on A1 axons persisted for a month of imaging. A small sample of boutons were imaged for 9 months ( Figures 2B and 2C ). Of those that persisted for 1 month, the majority (10/11) also survived for 9 months. These observations suggest that a considerable fraction of A1 boutons persists for the entire life of the mouse.
In contrast, A2 TBs appeared and disappeared frequently (survival fraction w30% after 1.5 months). It is possible that the entire population of A2 TBs turns over multiple times during the lifespan of an animal. Structural Plasticity of Axons in Adult Cortexthus might be more stable than intracortical synapses. This view is supported by physiological data showing that the response properties of neurons dominated by thalamocortical input are less plastic than those shaped mainly by intracortical input (Fox et al., 2000) .
Why are TBs particularly plastic? Branched processes allow a high degree of connectivity in small brain volumes (Chklovskii, 2004; Swindale, 1981) . While an EPB can reach targets w1 mm away (wdiameter), TBs have the potential to reach much farther, up to w5 mm. Thus, with similar costs in terms of brain volume, rearrangements of TBs allow more wiring plasticity than changes in EPBs. Dendritic spines and terminaux boutons therefore may facilitate plasticity in connectivity (Stepanyants et al., 2004) .
While the addition and subtraction of TBs is relatively straightforward to score and interpret, morphological changes involving EPBs are more problematic. In thalamocortical (White et al., 2004) and hippocampal (Shepherd and Harris, 1998) axons, EPBs are structurally heterogeneous. Small EPBs typically make one synapse, while larger EPBs make two synapses. However, the relationship between EPBs identified in light microscopy and synapses is not strictly one-to-one: in some instances, small EPBs do not have a synapse and, conversely, synapses can be made outside of axonal swellings. Because it was not possible to estimate precisely the percentage of these false positives and false negatives, we have used relatively stringent criteria to score only large EPBs that are clearly distinguishable from the axon backbone. In a limited number of cases, our criteria were verified using ultrastructural analysis ( Figures 5E, 5F , 7E, and 7F): all imaged EPBs that were reconstructed made synapses in contact with spines. In addition, our estimates of EPB densities for cortical axons (see above) were in agreement with previous studies (Martin and Whitteridge, 1984; White et al., 2004; Hellwig et al., 1994; Anderson et al., 2002) . It is therefore plausible that addition and subtraction of EPBs indicates synapse formation and elimination. However, it is possible that our stringent criteria lead to a systematic underestimate of synaptic plasticity. Alternatively, it could be that we overcounted events where synapses in EPBs survived, even though the EPBs disappeared at the level of light microscopy, implying an overestimate of synaptic plasticity.
Relationship to Spine Plasticity
Most excitatory synapses terminate on dendritic spines (Harris and Kater, 1994) . In previous studies, we have imaged the rate of addition and subtraction of dendritic spines on L5 neurons. Under similar experimental conditions, the fractional change in dendritic spines (SF over 24 days w60%-70%) (Holtmaat et al., 2005) is somewhat higher than for boutons on A1 (SF w85%) and A3 (SF w75%) axons. This discrepancy could have several explanations. First, it could be that not all spines make synapses (Trachtenberg et al., 2002) ; for example, some spines might be nonsynaptic filopodia (Zuo et al., 2005) . Second, some spines could make synapses on existing boutons without the formation of new boutons, resulting in multisynapse boutons. Third, it is possible that the axons imaged in this study do not include the principal presynaptic partners of L5 spines in L1. Further experiments involving simultaneous imaging of labeled preand postsynaptic elements are required to establish the correspondence of pre-and postsynaptic structural dynamics.
Evidence for Synapse Formation and Elimination in the Adult Brain Combining in vivo time-lapse imaging with retrospective serial section electron microscopy provided two lines of evidence for synapse formation and elimination in the adult brain. First, branches of A1 and A2 axons grew and retracted over distances of up to w100 mm, involving the addition or subtraction of multiple boutons (Figures 2A, 4A, and 4C) . SSEM revealed that EPBs and TBs, including boutons at the tips of axon branches, make synapses ( Figures 2G-2J , 5D-5F, 7C-7F, and 8). If motile branches also make synapses, branch growth and retraction would likely be associated with synapse formation and elimination. Second, TBs of A2 axons appear and disappear rapidly ( Figure 6 ). These TBs make synapses preferentially on dendritic shafts (McGuire et al., 1984) (Figures 8H and 8I ). Because dendritic shafts are locally straight and stable, we conclude that addition and subtraction of TBs likely signal synapse formation and elimination, respectively.
Experimental Procedures Animals and Surgery
We used two lines of thy-1 transgenic mice in a c57/bl6 background, expressing cytoplasmic GFP (GFP-M; Feng et al., 2000) or membrane-bound GFP (line 15; De Paola et al., 2003) . Mice (n = 27; males; age, >2.5 months) were given an intraperitoneal injection of an anesthetic mixture (0.13 mg ketamine/0.01 mg xylazine/g body weight) and a small dose of dexamethasone (0.02 ml at 4 mg/ml) immediately before the surgery (Holtmaat et al., 2004) . The skull overlying barrel cortex in the right hemisphere was removed using a fine motorized drill, leaving the dura intact. The dura was covered with a thin layer of low-melting point agarose (Sigma #A9793, 1.5% in HEPESbuffered artificial cerebrospinal fluid) and a custom-made cover glass, sealed in place with dental acrylic. Imaging began after a 10-14 day rest period. GFP-M mice were used to study A1 and A3 axons (Figures 1A, 1B, 1E, 1F, 2G, 4A, 5A, 5D, 7A, 7C, and 8) . A2 TBs were very thin, and they were best visualized over long periods of time using the membrane-targeted version of GFP (i.e., line 15) ( Figures 1C, 1D , 3A, 4C, and 6A). However, quantitatively similar results were obtained with the GFP-M line (A2 TB survival fractions for a 4 and 8 day period were 87% and 79%, respectively; n = 56 TBs, 3 axons; no significant difference between line 15 and GFP-M, p = 0.44, rank-sum test).
Imaging
Based on pilot experiments, the interval between imaging sessions was every 4 days over at least 24 days. For each imaging session, mice were anesthetized with low doses of ketamine/xylazine (0.08 mg ketamine/0.006 mg xylazine/g body weight). Individual sessions lasted 45-60 min, after which animals were returned to their cages (two to three animals per cage). In vivo images of GFP-expressing neurons were acquired with a custom-made 2P laser scanning microscope (Lendvai et al., 2000) . The light source was a Ti:sapphire laser (Tsunami, Spectra Physics) running at l w910 nm, powered by a solid-state laser (Millenia X, Spectra Physics). The objective (403 water-immersion, 0.8 NA) and scan lens were from Zeiss, the photomultiplier tube from Hamamatsu. The microscope was controlled by ScanImage (Pologruto et al., 2003) . Five to fifteen regions of interest (w40 3 40 mm) on the same axon were selected. Ordinarily, one to two axons per animal were selected. Image stacks (typically, 20-40 sections, spaced 1 mm apart) were mostly within 100 mm under the dura (L1). Each section consisted of 512 3 512 pixels (w0.08 mm/pixel).
Several control experiments and analyses argue against the possibility that light exposure caused structural plasticity (see Figures  S4 and S5 ):
(1) We compared structural changes over a fixed imaging interval (20 days) with varying numbers of intervening imaging sessions. The fractional change in TBs was unchanged when imaged every 4 days or when imaged every 20 days (SF w52% 6 18% versus 54% 6 18%, p = 0.57, log-rank test) ( Figure 6B ). (2) Two A1 axons (15 EPBs) were exposed to three to eight times the normal light dose for the first two imaging sessions 4 days apart. Subsequently, the standard imaging protocol resumed (once/4 days). The structural plasticity was independent of the levels of light exposure. (3) All structural parameters, including the lengths of terminal branches and densities of EPBs and TBs, were constant with time and the number of imaging sessions ( Figures 2D  and 3B and Figure S4 ). (4) Structural dynamics also did not change with time or the number of imaging sessions ( Figure S5 ).
Whenever possible, axons were traced from the point where the axon ascended from deeper layers into L1 to its end (red dot in the tangential views of Figures 4B and 4D ). For this purpose, low-magnification overviews were collected (512 3 512 pixels; w0.3 mm/ pixel; 3 mm steps). Fluorescence levels were kept constant across imaging sessions by adjusting the excitation intensity. For display, images were median filtered and contrasted. Images in the figures are best value projections of 3D stacks, except where explicitly stated. In some cases, distracting fluorescent processes (e.g., bright dendrites) were digitally removed from the images.
Retrospective Serial Section Reconstruction of Imaged Axons
To reconstruct imaged axons, GFP-labeled neurons were stained with 3, 3 0 diaminobenzidine tetrahydrochloride (DAB). This procedure, optimized here to efficiently stain axons, allows preservation of GFP for long periods of time and high-resolution visualization with bright-field microscopy. After the last imaging session, mice were perfused with cold saline and 4% paraformaldehyde (PFA). The day after, the brain was embedded in 5% agarose/phosphatebuffered saline (0.01 M), and 60 mm sections were cut with a vibratome (Leica). Overviews of dural blood vessels were taken at 23 on freshly cut sections to help the alignment with the pictures of the same vasculature taken the first day of imaging through the optical window and to help the identification of imaged structures. Sections were blocked with 0.3% Triton X-100/5% goat serum (GS) 6 hr at room temperature (RT) and transferred in the primary Ab anti-GFP (0.1 mg/ml, Chemicon) 1:700 17 hr overnight (ON) 4ºC agitating (volume 200 ml for 24-well plate). Endogenous peroxidases were quenched with 3% H 2 O 2 (Fisher) in phosphate buffer (PB) 30 min at RT agitating. I Ab and H 2 0 2 were washed 3 3 20 min agitating (volume 500 ml) with 0.3% TX; 5% GS. The II Ab anti rabbit-Bio (1:200) was applied for 16 hr ON at 4ºC agitating. One washing step (as above) preceded and followed the ABC reaction using a ready-touse reagent (Vector), 2 hr RT. To convert GFP in a precipitate visible in light microscopy, the DAB reaction (prepared fresh each time using 5 ml PB, 15 ml 3% H 2 0 2 [0.009%], 100 ml 1% NiCl, 25 ml DAB [0.05% FC]) proceeded for 5-40 min. The DAB reaction was stopped with PB and washed 2 3 10 min with PB and one time with dd H 2 O. Sections were mounted on glass slides, dried ON, dehydrated with increasing alcohol series, and coverslipped in DPX mounting medium. An Olympus microscope (with 403 and 603 water-immersion objectives) was used to view samples. Axons were traced, reconstructed, and morphological features were quantitatively analyzed with Neurolucida (Microbrightfield).
Electron Microscopy
Ultrastructural analysis of imaged axonal boutons was carried out as described (Trachtenberg et al., 2002) . Immediately after in vivo imaging, mice were maintained under deep anesthesia and (<1 hr) perfused with 300 ml of 0.2% glutaraldehyde and 2% paraformaldehyde in 0.1 M PB, pH 7.4. After fixation, the brains were removed, and 60 mm vibratome (Leica VT100) sections were cut tangentially to the barrel cortex and then cryoprotected in 2% glycerol and 20% DMSO in 0.1 M PBS, and freeze-thawed in liquid nitrogen. They were then incubated overnight in antibody (GFP 1:600, Chemicon) in PBS at 4ºC, then for 2 hr at room temperature in biotinylated secondary antibody (1:500 goat anti-rabbit (F)ab fragment, Jackson Laboratories). Labeling was revealed with avidin biotin peroxidase complex (ABC Elite, Vector Laboratories), and incubated in 3, 3 0 -diaminobenzidine tetrachloride (Fluka, Switzerland) and 0.015% hydrogen peroxide. Following enhancement, the sections were then washed, postfixed in osmium tetroxide, and then embedded in Epon resin (Fluka). The imaged axons were located by using the pattern of vessels on the surface of the brain as well as the position of the nearby labeled dendrites.
Serial sections (600-1000) from this region were cut at 60 nm thickness and collected on carbon-coated pioloform membranes supported on single-slot nickel grids. Serial images of the labeled structures were taken with a digital camera (MegaView III, SIS, Munich, Germany) inside a Phillips CM12 transmission electron microscope.
Data Analysis
Analysis was confirmed by two independent analyzers. Protrusions always shorter than 5 mm were scored as TBs, while longer structures were branches.
Analysis of Branches
The branch lengths (L, tip to base) were measured. To characterize the movement of branches, we computed the root-mean-square displacement as a function of imaging interval, s L = <(L(t) 2 L(0)) 2 > 1/2 . To estimate the noise level, we measured the distance (x) between fixed fiducial points, typically a pair of branch points (n = 48 fiducial points, 27 axons, 5 mice, Figure S3 ), over seven consecutive 4 day intervals. This noise estimate is sensitive to errors in the measurements, changes in orientation of the brain from one imaging session to the next, small deformations of the brain, and/or biological movement. The distances matched the lengths of branches. The measurement noise was defined as s x = <(x(t) 2 x(0)) 2 > 1/2 . On average, s x = 0.53 mm, independent of time ( Figure 3E ).
Analysis of TBs
Given the limited z-resolution of optical microscopy, we did not analyze structures that projected mainly along the optical axis. Only protrusions emerging laterally for at least 1 mm (13 pixels) were scored and measured. Only clear events of loss (TB length less than 5 pixels, 0.4 mm) and gain (TB length more than 13 pixels, 1 mm) were scored. Conversions between TBs and EPBs were not scored as loss or gain, which could result in an underestimate of the true dynamic fraction.
Analysis of EPBs
EPBs were detected as high-intensity regions (i.e., peaks) along the backbone using custom software (S.S., V.D.P., and K.S., unpublished data). Images were median filtered and the backbone identified in 3D. EPBs were then detected semiautomatically and scored according to the following criteria:
(1) EPBs had to be three times brighter than the axonal backbone (i.e., clear bright swellings) in a 2 mm neighborhood. Nearby intensity peaks were scored as distinct EPBs if they were at least 2 mm apart and if both peaks were at least twice as large as the minimum between them. (2) To exclude scoring of transport packets and moving organelles (Ahmari et al., 2000; De Paola et al., 2003) , EPBs included in the analysis had to be present on the same site for at least two consecutive time points. (3) To score a loss, brightness had to drop below 1.3 times backbone brightness.
Statistics
To determine whether the three morphological classes of axons ( Figure 1G ) predicted axonal identity, we performed the following analysis:
(1) We defined a classifier based on the data of Figure 1G : axons were A1 if normalized branch tip length was >0.1; axons were A2 if branch point density was >40; axons were A3 if normalized branch tip length was <0.1. (2) We compared the morphological data of axons with known origin ( Figure S2A , black symbols) with the classification scheme defined in (1). Axon types fell into distinct categories. 10/10 long-range axons fell into the A1 class. 5/5 L6 axons fell into the A2 class. 3/3 L2/3 axons fell into the A3 class. The information contained in this assignment (mutual information, I) can be calculated for two random variables (Cover and Thomas, 1991) : (3) We computed the probability (p < 0.001) that the same level of mutual information is achieved by chance by using shuffled data.
Statistical tests used were the c 2 , the Wilcoxon rank-sum, and the log-rank test. ANOVA was used to analyze length and densities over time and the data in Figure S5 . Unless stated otherwise, measurements are given as mean 6 SD. Significance was set at 0.05.
Supplemental Data
The Supplemental Data for this article can be found online at http:// www.neuron.org/cgi/content/full/49/6/861/DC1/.
